The optical carrier generation is the basic building block to implement all-optical orthogonal frequency-division multiplexing (OFDM) transmission. One method to optically generate single and multicarriers is to use the microring resonator (MRR). The MRRs can be used as filter devices, where generation of high-frequency (GHz) soliton signals as single and multicarriers can be performed using suitable system parameters. Here, the optical soliton in a nonlinear fiber MRR system is analyzed, using a modified add/drop system known as a Panda ring resonator connected to an add/drop system. In order to set up a transmission system, i.e., IEEE802.11a, first, 64 uniform optical carriers were generated and separated by a splitter and modulated; afterward, the spectra of the modulated optical subcarriers are overlapped, which results one optical OFDM channel band. The quadrature amplitude modulation (QAM) and 16-QAM are used for modulating the subcarriers. The generated OFDM signal is multiplexed with a single-carrier soliton and transmitted through the single-mode fiber (SMF). After photodetection, the radio frequency (RF) signal was propagated. On the receiver side, the RF signal was optically modulated and processed. The results show the generation of 64 multicarriers evenly spaced in the range from 54.09 to 55.01 GHz, where demodulation of these signals is performed, and the performance of the system is analyzed.
Introduction
In this new era of wireless and wired communication systems, orthogonal frequency-division multiplexing (OFDM) [1] - [3] has gained considerable attention to be used as a modulation technology, and it is recognized as a main building block of communications standards such as IEEE 802.11a/g. In OFDM, data are transmitted through many subcarriers, which are orthogonal to each other. Channel equalization is provided in the frequency-domain with a relatively simple solution than conventional time-domain equalization [4] . Besides high spectral efficiency, OFDM has high tolerance to multi-path interference, channel dispersion, and frequency-selective fading.
Moreover, because of the dynamic bandwidth allocation and adaptive bit rate functionalities, the OFDM system has a prominent flexibility [5] . During the last decade, network traffic has increased drastically [6] . To satisfy the demand for new large bandwidth applications, many different methods have been proposed to improve the capacity and efficiency based on the optical transmission of signals. OFDM is also used in optical communication, and it has the superior robustness to fiber chromatic dispersion and polarization mode dispersion (PMD) [7] , [8] .
An OFDM system includes a inverse fast Fourier transform (IFFT) block at the transmitter and a fast Fourier transform (FFT) block at the receiver. These blocks are usually implemented in the electrical domain enabled by high-speed digital-signal-processing (DSP) devices, but these devices are challenging both commercially and technically. In this regard, all-optical techniques are becoming of interest and are being investigated to reduce the challenges of the electrical domain. These techniques are based on the optically generated and processed OFDM signals using passive optical devices [9] , [10] . Transmission of all-optical OFDM is implemented first by generating the multiple optical subcarriers, then separating by optical devices, and finally modulating each subcarrier independently [11] , [12] . Therefore, an optical carrier generation is the basic building block to implement the OFDM transmission fully in the optical domain.
One method to generate the multi-carriers optically is to use a microring resonator (MRR) [13] , [14] . Nonlinear light behavior inside an MRR occurs when a strong pulse of light is inputted into the ring system [15] - [17] . The properties of a ring system can be modified via various control methods [16] . MRRs can be used as filter devices where generation of high frequency (GHz) soliton signals can be performed using suitable system parameters [18] . The modified add/drop system known as a Panda ring resonator system consists of a centered ring resonator connected to two smaller MRRs on the right and left sides and is used in many applications in optical communication and signal processing [19] - [21] . This system can be used to generate optical soliton pulses of GHz frequency, thus providing required signals used in a wired/wireless optical communication, such as all optical OFDM, to be applied for IEEE standards, i.e., 802.11a.
In this study, a Panda ring resonator connected to an add/drop system is used to generate non-uniform carrier signals. The uniform shape of these signals can be obtained using the gain flattening filter (GFF) system [22] , [23] . The uniform carrier signals are then applied to implement the optical OFDM suitable for the IEEE802.11a standard communication systems. The experimental results show that MRR systems support both the single-and multicarrier optical soliton pulses that are used in an OFDM transmitter/receiver system. Here, the optical soliton in a nonlinear fiber MRR system is analyzed, in order to generate a high frequency band of pulses as single and multi-carriers. The multi-carriers are separated by a splitter and then modulated. The spectra of the modulated optical subcarriers obtained are overlapped, resulting in one optical OFDM channel band. The generated OFDM signal is multiplexed with a single carrier soliton and transmitted through the single mode fiber (SMF). After being beaten to the photodiode, an IEEE802.11a signal is propagated wirelessly in the transmitter antenna base station and received by the second antenna. The bit error rate (BER) and overall system performance are discussed.
Theoretical Background
The system of GHz frequency band generation is shown in Fig. 1 . Here, a Panda ring resonator is used. The filtering process of the input soliton pulses is performed via the system. The frequency band ranges from 46 to 58 GHz can be obtained.
The two MRRs embedded in the Panda ring resonator have Kerr effect-type nonlinearity. The Kerr effect causes the refractive index ðnÞ of the medium to vary and is given by
where n 0 and n 2 are the linear and nonlinear refractive indexes, respectively [24] . Here, I and P are the optical intensity and the power, respectively [25] . The effective mode core area given by A eff ranges from 0.10 to 0.25 m 2 , in terms of practical material parameters (InGaAsP/InP) [26] . A bright soliton with a central frequency of 51 GHz and power of 1 W is introduced into the Panda ring resonator, which is expressed by E i . The input optical field of the bright soliton is given by [27] 
where A and z are the amplitude of optical field and the propagation distance, respectively [28] ; L D is the dispersion length of the soliton pulse; and the carrier frequency of the signal is ! 0 [29] . The soliton pulse keeps its temporal width invariance while it propagates. A balance should be achieved between the dispersion length ðL D Þ and the nonlinear length ðL NL ¼ 1=À NL Þ [30] , [31] . Here, À ¼ n 2 Â k 0 is the length scale over which dispersion or nonlinear effects make the beam become wider or narrower. Hence, L D ¼ L NL [32] . After the bright soliton is fed into the Panda ring resonator, it round-trips within the two MRRs embedded in the system; therefore, with respect to the Kerr effect nonlinear condition of the rings, the resonant outputs are formed. Thus, the normalized output of the light field is defined as the ratio between the output and input fields [E out ðt Þ and E in ðt Þ] in each round-trip. This is given for the left and right MRRs as follows:
This equation indicates that an MRR, in this particular case, is very similar to a Fabry-Perot cavity, which has an input and an output mirror with a field reflectivity, ð1 À Þ, and a fully reflecting mirror. is the coupling coefficient, is the fractional coupler intensity loss, x ¼ expðÀL=2Þ represents a round-trip loss coefficient, ¼ 0 þ NL , 0 ¼ kLn 0 and NL ¼ kLn 2 jE in j 2 are the linear and nonlinear phase shifts, and k ¼ 2= is the wave propagation number in a vacuum. L and are the waveguide length and linear absorption coefficient, respectively. In this work, the iterative method is introduced to obtain the resonant results and, similarly, when the output field is connected and input into the other MRRs [33] , [34] . In the case of the add/drop system, the nonlinear refractive index is neglected [35] - [37] . The obtained signals are given as follows [38] :
where L ¼ 2R Panda , and R Panda is the radius of the Panda ring resonator. The E L and E r are given by [39] 
where
Therefore, the output signals from the through and drop ports of the Panda ring resonator can be expressed as [40] , [41] 
In order to generate multi-carriers, the output from the Panda ring resonator is fed into the add/drop system shown in Fig. 1 . Therefore, to retrieve the signals from the chaotic signals, we propose to use the add/drop system with the appropriate parameters. The transmitted output can be controlled and obtained by choosing suitable key parameters such as the coupling ratio of the system [42] . The two output electric fields of the add/drop system can be expressed by E th and E drop [43] , as follows:
The normalized intensity powers of the through and drop ports are then obtained as follows [44] :
Here, L ad is the add/drop system length, where L ad ¼ 2R ad , and 5 and 6 are the coupling coefficients.
Experimental Results and Discussion
The fixed and variable parameters of the system are listed in Table 1 .
The results of the chaotic signal generation are shown in Fig. 2 . The input pulse of a bright soliton with a power of 1 W is fed into the system. This pulse has a bandwidth of 30 GHz and central frequency of 51 GHz shown in Fig. 2(a) . Large bandwidth within the system can be generated by using a soliton pulse input into the nonlinear MRRs. The signal is chopped into smaller signals spreading over the spectrum. The soliton signals inside the Panda ring resonator are shown in Fig. 2 . Here, the results shown in Fig. 2(b) -(e) are obtained using the square form of the equations (5)- (8), respectively. The filtering and trapping processes occur during propagation of the input soliton pulse inside the two MRRs. Fig. 2(b) and (c) shows the generated signals on the left side of the Panda ring resonator, and Fig. 2(d) and (e) shows the intensities on the right side.
The output signals from the throughput and drop ports of the Panda ring resonator can be seen in Fig. 3(a) and (b) . These results are obtained using the square form of the Equations (11) and (12) respectively. Here, the single and multi-solitons frequency ranges from 46 to 58 GHz are generated in wireless local area networks (WLANs) usage. The throughput output ðE t1 Þ shows the localized ultrashort soliton pulses with FWHM of 5 MHz and FSR of 5.2 GHz. The soliton pulses at the frequencies of 49.8 and 55 GHz are generated. The drop port output intensity expressed by jE t2 j 2 is shown in Fig. 3(b) . Here, the multi-solitons with FWHM of 20 MHz and FSR of 4 GHz are generated, respectively and fed into the add/drop system. Fig. 3(c) shows the generated multi-carriers from the throughput port of the add/drop system, in which equation (15) is used to obtain this result. The Fig. 3(d) shows the uniform carrier signals using the GFF system. By using the appropriate parameters, as presented in Table 1 , relating to the practical device, such as MRR radii, coupling coefficients, linear and nonlinear refractive indexes, the multi-carriers from the add/drop system can be obtained non-uniformly and finally converted to uniform carrier signals using the GFF system. Assuming OFDM signaling, the transmitted signal to optical channel is as follows:
where d m ðiÞ ¼ a m ðiÞ þ jb m ðiÞ is the symbol of the mth sub-channel at time interval ½iT s ; ði þ 1ÞT s , i.e., for QAM modulation, it is AE1 AE j. pðt Þ is the response of the transmitter filter, which is a rectangular pulse with duration T s and amplitude 1. Hence
T g is the guard interval of the OFDM signal, T s is the time difference between the symbol duration, and the guard interval T g is the effective symbol duration time T ¼ T s À T g . The frequency of the mth subcarrier should satisfy the orthogonality condition. Hence
As for IEEE802.11a, the occupied bandwidth of the channel is 20 MHz. The numbers of the subcarriers are 64, in which 52 of them are modulated. To avoid intersymbol interference (ISI) and intercarrier interference (ICI), T g ¼ 0:8 ms was used. Then, the OFDM symbol interval T S ¼ 3:2 s, and the subcarrier spacing is SC Spacing ¼ ð1=T s Þ ¼ ð1=3:2 sÞ ¼ 312:5 kHz.
Therefore, the system is designed with N ¼ 64 subcarriers. In this system, in order to modulate the subcarriers, QAM and 16-QAM are considered. The schematic of the system setup is shown in Fig. 4 . At the transmitter central office (TCO), a Panda ring resonator is connected to an add/drop system, in order to generate 64 multi-carriers evenly spaced in the range of 54.09 to 55.01 GHz, as shown in Fig. 3(d) . A single carrier signal is also generated and located at 49.8 GHz, which is illustrated in Fig. 3(a) . The distance between the single subcarrier and the center of the multicarriers is 5.2 GHz, which is the radio frequency (RF) band for IEEE802.11a standard. Multi-carriers are separated by a splitter and are modulated with the data. In order to imitate the IFFT block at the transmitter and FFT at the receiver, an array waveguide grating (AWG) is used. The spectra of the modulated optical subcarriers are overlapped, resulting in one optical OFDM channel band shown in Fig. 5(a) .
The generated OFDM signal is multiplexed with a single carrier, and after amplification by an erbium doped fiber amplifier (EDFA), the multiplexed signal is transmitted through the SMF. The fiber optic has a length of 25 km, an attenuation of 0.2 dB/km, dispersion of 5 ps/nm/km, the differential group delay of 0.2 ps/km, the nonlinear refractive index of 2:6 Â 10 À20 m 2 =W, effective area of 25 m 2 , and the nonlinear phase shift of 3 mrad. At the transmitter antenna base station, the multiplexed signals are being beaten to the photodiode. Hence, an IEEE802.11a signal is generated and propagated wirelessly by transmitter antenna and captured by the second antenna located in the receiver, as shown in Fig. 5(b) . At the receiver antenna base station, the RF signal is up-converted using a commercially available distributed feedback (DFB) laser to process the received signal optically. The up-converted signal is transmitted to the receiver central office (RCO) through 2m SMF. At the RCO, the AWG is used to implement the FFT function optically. The demodulation is performed, and the BER is calculated. As shown in Fig. 5(c) and (d) , the data rate of 56 Mb/s at signal to noise ratio (SNR) of 30 dB is achievable, which implies that the proposed system can be replaced by traditional IEEE802.11a systems. In addition, it shows the bit rate relation to the SNR, where for the SNRs less than 23 dB, the bit rate is getting decreased gradually, and for SNR above 23 dB, the bit rate is constant. Moreover, the constellation diagrams after equalization for QAM and 16-QAM modulated signals are shown in Fig. 5 (e) and (f) respectively, which shows a good performance of both scenarios. A further investigation on the system performance is conducted using a BER calculation. As illustrated in Fig. 5(g) , the system performance under two circumstances is investigated, which are QAM and 16-QAM modulations. This figure implies that higher received power corresponds to better performance of the QAM modulation than 16-QAM. Based on the presented system and results, it is possible to use the MRR to generate both single and multi-carriers to be applied for optical OFDM signal generation. IEEE802.11a is a common application that can be benefited from this system.
Conclusion
A Panda ring resonator connected to an add/drop system has been demonstrated. An optical soliton frequency band is generated by the input bright soliton pulse propagating within the system. A high frequency band of optical soliton pulses can be generated and used in optical communication networks such as IEEE802.11a, for single and multi-carriers. Thus, high bit rate data transmission using broad soliton frequency band can be provided. An all optical OFDM signal was generated based on the multi-carriers from MRRs via a wired/wireless communication network. The system performance was investigated for QAM and 16-QAM modulations. Hence, the higher received power corresponds to better performance of QAM than 16-QAM modulation. Therefore, the multicarriers generated by the MRR systems can be used for an all optical generation of OFDM signals.
